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Edited by Jesus AvilaAbstract Protein aggregation is related to many human disor-
ders and constitutes a major bottleneck in protein production.
However, little is known about the conformational properties
of in vivo formed aggregates and how they relate to the speciﬁc
polypeptides embedded in them. Here, we show that the kinetic
and thermodynamic stability of the inclusion bodies formed by
the Ab42 Alzheimer peptide and its Asp19 alloform diﬀer signif-
icantly and correlate with their amyloidogenic propensity and
solubility inside the cell. Our results indicate that the nature of
the polypeptide chain determines the speciﬁc conformational
properties of intracellular aggregates. This implies that diﬀerent
protein inclusions impose dissimilar challenges to the cellular
quality-control machinery.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Aggregation of misfolded proteins that escape the cellular
quality-control mechanisms is a common feature during re-
combinant protein production. Importantly, this process is
also linked to the onset of a wide range of debilitating and
increasingly prevalent diseases as Alzheimer, Parkinson,
Huntington or prion diseases [1]. In this way, the deposition
of b-amyloid peptide (Ab), a hydrophobic 40–43 amino acid
peptide, appears as a major causative agent of Alzheimers
disease [2,3].
Not all regions of a polypeptide are equally important for
determining its aggregation tendency [4]. In this way, very
short speciﬁc amino acid stretches can act as facilitators or
inhibitors of amyloid ﬁbril formation [5,6]. The presence of
aggregation-prone regions has been described in most of the
peptides and proteins underlying neurodegenerative and sys-
temic amyloidogenic disorders [7]. In Ab peptide, the central
hydrophobic core (CHC) (Leu17-Ala21) plays a crucial role
in its folding, assembly and amyloid ﬁbril structure [8].
Accordingly, we have shown that substitution of central resi-
due in this region (Phe19) by Asp strongly reduces the
in vitro amyloid propensity of Ab [9].*Corresponding author. Fax: +34 93 5811264.
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doi:10.1016/j.febslet.2008.09.049Intracellular aggregates and speciﬁcally the inclusion bodies
(IBs) formed inside bacterial cells during the expression of
eukaryotic proteins have been traditionally regarded as non-
speciﬁc associations of misfolded polypeptides. In contrast to
amyloid ﬁbrils, the extended view of IBs as amorphous supra-
molecular structures has precluded the detailed characteriza-
tion of their conformational properties and how they relate
to the speciﬁc proteins inside them. Nevertheless, it has been
demonstrated that the intracellular aggregates formed by
diﬀerent proteins share signiﬁcant internal order and second-
ary structure content [10,11]. Moreover, using a fusion of the
amyloidogenic Ab42 species to green ﬂuorescent protein
(GFP) as a model system we have recently shown that
in vivo protein aggregation inside bacteria displays a remark-
able speciﬁcity that depends on the establishment of selective
molecular interactions and results in the formation of oligo-
meric and ﬁbrillar structures with conformational properties
very similar to those of amyloid ﬁbrils [12]. Being stabilized
by rather selective contacts, it is likely that, as it happens in
globular proteins or amyloid ﬁbrils, the IBs formed by diﬀerent
proteins should display speciﬁc stability features. To address
this question, here we characterize the thermodynamic and,
for the ﬁrst time, the kinetic stability of intracellular bacterial
aggregates. The properties of the IBs formed by Ab42-GFP
(WT) and by a variant of the fusion containing a single
Phe19Asp mutation in the Ab42 moiety (F19D) are compared.2. Materials and methods
2.1. Protein expression
The plasmids encoding for Ab42-GFP and the Phe19Asp mutant are
as previously described [13,14]. Competent Escherichia coli BL21(D3)
cells were transformed with plasmids encoding for the desired fusion
proteins and incubated in Luria–Bertani medium (LB) with the appro-
priate antibiotic (50 lg/ml kanamycin) at 37 C. Recombinant gene
expression was induced with 1 mM of isopropyl-1-thio-b-d-galactopy-
ranoside (IPTG) when the A600nm reached 0.6. Cells were cultured at
37 C for 16 additional hours.
2.2. IBs puriﬁcation
IBs are puriﬁed from overnight cell extracts after the induction of
gene expression, by detergent-based procedures as described [15].
Brieﬂy, cells were harvested by centrifugation at 12000 · g (at 4 C)
for 15 min and resuspended in 200 lL of lysis buﬀer (50 mM Tris–
HCl, pH 8, 1 mM EDTA, 100 mM NaCl), plus 30 lL of 100 mM pro-
tease inhibitor PMSF and 6 lL of 10 mg/mL lysozyme. After 30 min of
incubation at 37 C under gentle agitation, NP-40 was added at 1% (v/
v) and the mixture incubated at 4 C for 30 min. Then, 3 lL of DNase
I and RNase from 1 mg/mL stock (25 lg/mL ﬁnal concentration) and
3 lL of 1 M MgSO4 were added and the resulting mixture was further
incubated at 37 C for 30 min. Protein aggregates were separated by
centrifugation at 12000 · g for 15 min at 4 C. Finally, IBs wereblished by Elsevier B.V. All rights reserved.
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once with sterile PBS. After a ﬁnal centrifugation at 12000 · g for
15 min, pellets were stored at 80 C until analysis.
2.3. Thermodynamic and kinetic stabilities
For stability assays, puriﬁed IBs were prepared at OD350nm = 1 in
phosphate-buﬀered saline (PBS) solution at pH 7.0 containing selected
concentrations of guanidine hydrochloride (Gdn Æ HCl) ranging from 0
to 4 M. For equilibrium denaturation experiments, the reactions were
allowed to reach equilibrium by incubating them for 20 h at room
temperature. The fraction of solubilized protein (fD) was calculated
from the ﬁtted values using equation: fD = 1  ((yD  y)/(yD  yN)),
where yD and yN are the absorbance at 350 nm of the solubilized
and aggregated protein, respectively, and y is the absorbance of protein
as a function of denaturant concentration. A non-linear least-squares
analysis was used to ﬁt the denaturation curves to the equation:
y = ((yN + mN Æ [D]) + (yD + mD Æ [D])exp(A Æ ([D]  m1/2)/R Æ T))/(1 +
exp(A Æ ([D]  m1/2)/R Æ T)), where y is the observed absorbance at
350 nm, yN and yD are the intercepts and mN and mD are the slopes
of the pre- and post-transition baselines, [D] is the guanidine hydro-
chloride (Gdn Æ HCl) concentration, m1/2 is the Gdn Æ HCl concentra-
tion at the midpoint of the curve, and A is a constant generated by
the ﬁtting [16–18]. For kinetic measurements a concentrated IBs and
Gdn Æ HCl solutions in PBS, pH 7.0, were mixed rapidly to obtain
an OD350nm = 1 and the desired denaturant concentration. The solubi-
lization reaction was monitored for 100 min after mixing by measuring
the changes in OD350nm in a Cary-400 Varian spectrophotometer
(Varian Inc.). Double-exponential decay curves were ﬁtted to the data
using GraphPad Prism 3.02 (GraphPad Software, La Jolla, CA, USA)
and apparent rate constants were derived from these regressions.
2.4. Western blots
For Western blot, the protein cellular extract was lysed using Nova-
gen Bug Buster protein extraction reagent with benzonase nuclease and
protease inhibitory cocktail set III (Calbiochem). Insoluble and soluble
fractions were resolved on 15% SDS–PAGE gels, transferred on to
PVDF membranes, and recombinant proteins detected with a poly-
clonal anti-GFP antibody. The membranes were developed with the
ECL method [19].
2.5. GFP relative ﬂuorescence determination and Thermal denaturation
Emission spectra of GFP in WT and F19D IBs were measured on a
Varian spectroﬂuorimeter (Cary Eclipse) from 500 to 600 nm at 25 C
using an excitation wavelength of 488 nm. A slit width of 5 nm wasFig. 1. Stability of WT and F19D IBs in front of Gnd Æ HCl
denaturation at equilibrium monitored by changes in turbidity at
350 nm.
Table 1
Kinetic and equilibrium denaturation parameters of Ab42-GFP and F19D-G
Protein type Thermodynamic
parameters
Kinetic parameters
DG/kJ mol1 m/M1 KU/10
3 min1 DGU
WT 16.74 2.0 0.19 21.
F19D 5.11 1.0 0.79 17.used and the maximum of emission, at 512 nm, was recorded. Thermal
transition curves were obtained at a heating rate of 1 C/min by mea-
suring the GFP emission at 512 nm after excitation at 488 nm.
2.6. Secondary structure determination
Protein inclusion bodies puriﬁed as described above were washed
twice with distilled water, 10 ll of suspension were deposited on the
spectrometer window and dried at room temperature for 10 min for
spectroscopy measurements. The purity of IBs was routinely checked
by SDS–PAGE and Coomassie staining. ATR FT-IR spectroscopy
analysis samples of IBs were performed using a Bruker Tensor 27
FT-IR Spectrometer (Bruker Optics Inc.) with a Golden Gate MKII
ATR accessory. Each spectrum consists of 125 independent scans,
measured at a spectral resolution of 2 cm1 within the 1800–
1500 cm1 range. All spectral data were acquired and normalized using
the OPUS MIR Tensor 27 software. The fourth derivative FTIR spec-
tra of IBs indicate that they were constituted by four principal bands.
Hence, FTIR spectra were ﬁtted to four overlapping Gaussian curves
and the amplitude, center and bandwidth at half of the maximum
amplitude and area of each Gaussian function were calculated using
a non-linear peak ﬁtting program (PeakFit package, Systat Software,
San Jose, CA, USA). Second derivatives of the spectra were also used
to determine the frequencies at which the diﬀerent spectral components
were located.3. Results and discussion
For globular proteins, the study of their unfolding transition
induced by denaturants is one of the most useful ways to
address their stability. In the present work, we have used this
approach to study the unfolding (i.e. solubilization) of IBs.
Equilibrium denaturation was measured by monitoring the
IBs absorbance at 350 nm after incubation at selected
Gdn Æ HCl concentrations. This chaotropic agent has been
used recently to study the resistance to solubilization of the
IBs and thermal aggregates formed by diﬀerent proteins
[20,21]. We assumed a two-state mechanism in which the pro-
tein is either in an aggregated state that contributes to turbidity
or in a soluble state with no contribution to the signal, inde-
pendently of the conformational properties of the polypeptides
in these states. Although this assumption represents a simpliﬁ-
cation of the eﬀect of the chaotropic agent on the aggregates,
the curves could be ﬁtted accurately to a two states model.
Accordingly, a cooperative unfolding transition could be ob-
served for both IBs (Fig. 1). The free energy of the reaction
(DG) was calculated and found to vary linearly with GdnÆHCl
concentration using the linear extrapolation model:
DG ¼ DGðH2OÞ  mðGdn HClÞ
where m measures the cooperativity of the transition and
DG(H2O) is the free energy change in the absence of denatur-
ant [16,18]. From the data it can be clearly inferred that the
aggregates formed by these two closely related proteins exhibit
dramatic diﬀerences in the thermodynamic stability. WT IBs
displayed a much higher stability against chemical denatur-
ation as well as a higher unfolding cooperativity reaction thanFP inclusion bodies.
/kJ mol1 mU/kJ mol
1 M1 t1/2/days k
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Fig. 3. Unfolding kinetic rates of WT and F19D IBs determined by
linear extrapolation of the fast rate constants of their respective kinetic
denaturation curves at diﬀerent Gdn Æ HCl concentrations.
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cooperativity, expressed as m value, correlates very strongly
with the amount of new protein surface exposed to solvent
upon unfolding. By analogy, the higher m value of WT IBs
suggests that the polypeptide chains inside these aggregates
are more protected from the solvent before denaturation,
and therefore more compacted than those in the mutant IBs.
The kinetic stability of an aggregate is a measure of how rap-
idly it is unfolded (i.e. solubilized) and corresponds to the acti-
vation free energy (DGU) of the process. The kinetic stability,
rather than equilibrium stability, is likely to be relevant for
the in vivo fate of protein aggregates, since it is related to their
half-lives and probably to the energetic barrier that chaperones
have to face to disaggregate them. Surprisingly, no data on the
kinetic stability properties of in vivo aggregates are available
to date.
Kinetic chemical denaturation of IBs at diﬀerent denaturant
concentration (Fig. 2) has been analyzed using a classical two-
phase exponential decay curve and the kinetic constants (k1
and k2) have been determined [22].
Fitting of the kinetic data traces (Fig. 3) to a two-states tran-
sition allowed the determination of the denaturation rates
(kU), the kinetic stability (DGU), as well as the estimated
half-life (t1/2) and the kinetic m-values for the unfolding reac-
tion (mU) for both aggregates (Table 1).
Intracellular aggregates turned to have large activation free
energies to unfolding. When compared with globular proteins,
usually with t1/2 between seconds and hours, the solubilization
of IBs is a slow process with t1/2 in the order of days. These
high barriers to disaggregation account for their prevalent
accumulation inside the cells.
In agreement with the equilibrium data, the kinetic barrier to
unfolding and the cooperativity of the reaction were signiﬁ-
cantly lower for the mutant IBs. As a consequence, their solu-
bilization reaction is strongly accelerated, resulting in a 4-fold
shorter half-life than WT IBs. This suggests that, in the cell,0 25 50 75 100
0.00
0.25
0.50
0.75
1.00
1.4 M
1.6 M
1.8 M
2.0 M
2.2 M
2.4 M
F19D
Time /min
AB
S 
(3
50
nm
)
0 25 50 75 100
0.00
0.25
0.50
0.75
1.00 1.3 M
1.6 M
1.8 M
2.2 M
2.4 M
2.0 M
WT
AB
S 
(3
50
nm
)
Fig. 2. Kinetic chemical denaturation curves of WT and F19D IBs at
diﬀerent Gdn Æ HCl concentration monitored by a time dependent
decrease of turbidity at 350 nm.the proteins embedded in F19D IBs can be more easily solubi-
lized, either passively or by the disaggregating action of molec-
ular chaperones, than those in WT aggregates. Conﬁrming this
hypothesis, although the majority of both protein fusions is lo-
cated in the insoluble fraction, a higher level of soluble protein
was detected in cells expressing the F19D fusion than in those
expressing the WT form, 1.2% and 0.3% of total recombinant
protein, respectively, as quantiﬁed by Western blotting against
the GFP moiety and densitometry (Fig. 4A).
Although the kinetics of IBs formation (i.e. aggregation)
cannot be experimentally addressed in vitro, they can be theo-
retically inferred from the unfolding thermodynamic and ki-
netic stabilities of the aggregates, assuming a two-state
model ðDG ¼ RT lnðkF=kUÞÞ. The theoretical aggregation ki-
netic constant (kF) for WT fusion is about 25-fold higher than
in the F19D one. These values are clearly an approximation to
the real constants, but they still suggest a signiﬁcantly de-
creased aggregation propensity in the mutant fusion, in good
agreement with the in vivo aggregation rates and the amyloi-
dogenicity of both Ab42 peptide variants [9].
We have shown previously, that during IBs formation,
aggregation and folding reactions compete inside the cell in
such a way that the ﬂuorescence emission of IBs relates to
the time the GFP fusion was soluble after its synthesis and be-
fore to its aggregation in the cytoplasm [23]. The mutant IBs
express about 5-fold higher ﬂuorescence than the WT ones
(Fig. 4B). This indicates that F19D aggregation into IBs is a
slower in vivo reaction than this of the WT form and supports
the signiﬁcance of the theoretically derived aggregation kinetic
constants.
The stability of functional GFP domains inside both IBs
contexts was measured by monitoring the loss of the ﬂuores-
cence signal upon thermal denaturation. A melting point of
85 C was obtained for both fusions (Fig. 4C). These results
are in agreement with those obtained using diﬀerential scan-
ning calorimetry on puriﬁed and soluble GFP [24] and suggest
a native structure in the GFP moiety that contributes little to
the observed diﬀerential stability of the aggregates. Therefore,
it is suggested that the diﬀerent contacts established by the two
Ab42 peptides, and speciﬁcally those in the CHC region, ac-
count for the striking diﬀerence in consistence of both IBs.
Fourier-transform infrared (FTIR) spectroscopy has proved
to be a powerful tool for investigation of the structural
characteristics of aggregated proteins. We used this technique
to further analyze the structure of both types of aggregates.
The deconvoluted FTIR spectra as well as the second
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Fig. 4. Conformational properties of WT and F19D IBs. (A) Western
blot of the soluble fraction of cells expressing WT and F19D fusions
detected with anti-GFP antibody (up). 1/300 dilution of the soluble
fraction (middle). 1/300 dilution of the correspondent insoluble
fraction (down). (B) GFP ﬂuorescence emission spectra of IBs excited
at 488 nm. (C) Thermal denaturalization curves of GFP embedded in
IBs followed by measuring the relative changes in GFP ﬂuorescence
emission.
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Fig. 5. Analysis of the secondary structure of IBs by ATR-FTIR
spectroscopy. Absorbance FTIR spectra of the amide I 0 region of WT
(A) and F19D (B) (solid thick lines) showing the component bands
(solid thin lines). The sum (dashed lines) of individual spectral
components after Fourier self-deconvolution closely matches the
experimental data. (C) Second derivatives of the respective absorbance
spectra shown in panels A and B.
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F19D and WT IBs spectra are very similar, the amide I region
contains four main components at 1692, 1679, at 1650, and at
1625 cm1 indicating a dominance of beta conformations to-
gether with unordered components. In fact, the bands at
1692, 1679 and 1625 cm1 correspond to an intermolecular
b-structure similar to that present in amyloid ﬁbrils (Fig. 5).
This data indicates an overall common backbone polypeptide
conformation in both aggregates and suggests that the stability
of IBs is modulated by subtle changes in packing driven by
speciﬁc side-chain interactions.4. Conclusions
Overall, our results argue that the intracellular aggregates
formed by diﬀerent polypeptides in vivo cannot be treated as
a homogeneous entity, even if they all present a common mor-
phology and amyloid-like secondary structure content. Like in
amyloid ﬁbrils or in globular proteins, the ﬁne structure of
these aggregates depends on the speciﬁc intrinsic properties
of the embedded polypeptides, as demonstrated by the fact
that a point mutation is able to highly destabilize the whole
aggregate ensemble. Importantly, a major energy consuming
step for in vivo disaggregation by the action of molecular
chaperones consists in the separation of individual polypeptide
chains from aggregates and their unfolding. A recent study
using in vitro protein aggregates formed under diﬀerent
A. Espargaro´ et al. / FEBS Letters 582 (2008) 3669–3673 3673protein denaturation conditions suggest that the action of
chaperones depend on the speciﬁc structural properties of
the aggregates [25]. Our demonstration that in in vivo formed
protein inclusions polypeptide chains are glued by diﬀerential
and speciﬁc interactions suggests that the aggregates of diﬀer-
ent proteins impose dissimilar challenges to the cellular qual-
ity-control machinery. Our data have important implications
for conformational diseases, because they suggest that single
point genetic mutations cannot only increase the aggregation
propensity of a protein, but at the same time they might result
in the formation of signiﬁcantly more resistant and diﬃcult to
handle intracellular aggregates. In addition, the correlation be-
tween amyloid propensity and IBs stability observed here for
the Alzheimer related Ab42 peptide validates bacterial systems
as fast, simple and biologically relevant experimental models
to study protein aggregation.
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